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Charmonium spectroscopy gained renewed interest after the discovery in 2003 of the unpredicted 
X(3872) charmonium- like state, above the DD threshold. To date many charmonium-like states 
above the DD threshold have been claimed. Some of these states do not easily fit the conventional 
charmonium picture. In this article we review recent experimental results in this field, reported by 
the BABAR and Belle Collaborations. 
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INTRODUCTION 

Since the discovery of the J/ip in 1974 the study 
of charmonium spectroscopy has provided crucial tests of 
the quark model and of models of the QCD interaction. 
The charmonium spectrum cannot be derived directly 
from the QCD Lagrangian, due to the presence of large 
non-perturbative effects at this energy. The charmonium 
spectrum may be predicted by constituent quark model 
inspired potential models that include a Coulomb-like 
one-gluon-exchange term at short distance and a linear 
confining contribution in the long range. In this picture 
each state is characterized by J PC quantum numbers, 
where J = L + S, P = C = (-l) i+s , L is 

the orbital angular momentum, and S the total spin. Al- 
lowed J PC quantum numbers in constituent quark model 
are ±+ , 1 ±_ , 1 ++ , 2 ++ , ... . Charmonium resonances 
are expected to be narrow below the DD threshold, and 
wide above, due to the accessibility of Zweig favored de- 
cays. 

In 2003, the Belle Collaboration reported the ob- 
servation of a narrow charmonium-like state decaying 
into J/-07r + 7r", with a mass of about 3872 MeV/c 2 Q. 
This state, dubbed A" (3872), was then confirmed by the 
CDF DO @, and BABAR @ Collaborations. This 
state is above the open-flavor threshold, but has a width 
of only 3.0^'y MeV/c 2 [7j, and cannot easily fit into the 
charmonium picture provided by the potential model. 
The search for the same final state in initial state ra- 
diation (ISR) production resulted in the observation by 
BABAR of the Y (4260) with a mass of about 4260 MeV/c 2 
and a width of about 90 MeV/c 2 [|| . This state has been 
confirmed by the CLEO [t| and Belle [l(| Collaborations. 
Other states decaying into <//07r + 7r _ and ip(2S)jr + ir~ 
have been claimed or observed in ISR production [loLUlj. 

Several new states have been observed by both 



BABAR and Belle in the 3940 MeV/c 2 region, including 
X(3915) 0, ^(3940), X(4160) F(3940) H0, 
and Z(3930) HUES- A narrow resonance-like state de- 
caying into J/ij)<j> an d dubbed F(4140) was claimed by 
CDF [HI], but not confirmed by Belle [lIHl- However, 
Belle reports evidence of another resonance, the X(4350), 
in the same final state [2(J. In 2007, the Belle Collabora- 
tion claimed the observation of a narrow state carrying 
hidden charm and decaying to an electrically charged fi- 
nal state 2l|. This state, dubbed Z(4430), was searched 
and not confirmed by BABAR [22]. Two more charged 
charmonium-like states were reported by Belle [23j j . 

The theoretical interpretation of these new states is 
not trivial and often not widely accepted by the whole 
scientific community. There are some exotic states that 
are predicted by QCD, but were never clearly established. 
The presence of the gluon field in the QCD Lagrangian 
allows for the existence of mesons with an excited gluonic 
degree of freedom (hybrids) 0. The possible existence 
of multi-quark states, including tetraquarks 25|, 26| . pen- 
taquarks 1271 . hexaquarks [28j], and loosely bound DD 
molecules [29h31| have been investigated. Recently the 
possible existence of hadrocharmonium states, i.e. con- 
ventional cc states coated by light hadrons, has been 
studied [32j]. Finally, these states may originate from 
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threshold rescattering or channel coupling 
usual properties of the new charmonium-like states, such 
as small width and large branching ratios into final states 
without open charm, may be explained inside these ex- 
otic frameworks. It should be noted that only multi- 
quark states and hadrocharmonium are compatible with 
non-zero electric charge. 

In this article, I will review recent experimental results 
about new charmonium-like states. Conventional char- 
monium spectroscopy is not covered. Furthermore, due 
to space limit, I will not cover results related to X(3940), 
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A (4160), and the J PC = 1~~ states observed in the 
4260-4660 MeV/c 2 region. A comprehensive review of 
charmonium spectroscopy may be found in 25J, l34j . 



EXPERIMENTAL TECHNIQUES 

Results presented in this paper are obtained using data 
collected by RABAR, Belle and CDF detectors, whose de- 
tailed description may be found in 35l-37j|. respectively. 
At CDF a proton and an anti-proton are collided at a 
center of mass energy yfs — 1.96 TeV. The cc states are 
produced both promptly or in B meson decays. At B- 
factories, several production processes may be exploited: 

• B meson decay: exotic cc states are studied in 
B — > (cc)A<*) with the subsequent decay of cc 
into the desired final state. The B meson is dis- 
criminated against qq background using kinematic 
variables such as AE = Eb — hy/s and toes = 
\Js/A — 0g, where (Eb,Pb) is the B meson four- 
momentum vector expressed in T(4S) rest frame 
and y/s is the center-of-mass energy; 

• ISR production: cc is produced in e + e~ — > cc^isr, 
where Jzsr is a photon radiated by the incoming 
electron or positron. Since cc couples directly to 
the virtual photon, J PC = 



• Two-photon collision: cc is produced in the 
e + e~ — > 77e + e~ — > cce + e~ process. Usually the 
outgoing electrons are not detected, so the photons 
are quasi-real. This implies that the accessible J PC 
numbers are ±+ and 2 ±+ 38]. Spin-parity num- 
bers with J > 2, that are allowed in two-photon 
production, are expected to be suppressed, due to 
the limited phase space available to the decay. 

• Double charmonium production: the cc state is 
produced recoiling against a J/ijj in the e + e~ — > 
J/ip(cc) process. C-parity is positive. So far only 
J = states have been observed. 

The cc decay is usually fully reconstructed. Inclusive 
searches have been performed in double charmonium pro- 
duction 13 1 . Information on J PC numbers may be in- 
ferred from the properties of the production mechanism 
and the studied final state, and by studying the angular 
distribution of cc decay products. 



X(3872) 

Quite a large number of experimental results is avail- 
able for the A (3872). At B-factories, A (3872) has been 
searched in B meson decays. The J/ijjir + ir~ decay mode, 
where this state was discovered Q, also provides insight 
on its nature. The 7r~7r~ mass distribution is consistent 



with subthreshold p production [39J. The CDF Collabo- 
ration has performed a full angular analysis of the decay 
products, excluding all the possible J p numbers, but 1 + 
and 2~ [40j. Belle has performed a spin-parity analysis 
using 256 fb -1 [il|ofdata. The number of reconstructed 
A (3872) is insufficient to perform a full angular analy- 
sis. Instead, a study of angular distributions suggested 
in 42] favors a 1 ++ assignment. It should be noted that 
the angular analysis performed is insensitive to J > 1. 
However, the study of 7r + 7r~ mass distribution gives some 
insight on the state parity. In fact, the mass distribution 
near the kinematic endpoint is suppressed by a centrifu- 
gal barrier factor. Belle analysis agrees with P = +1 
at 28% level (agreement with P — —1 is at 0.1% level). 
This excludes J PC =2~+. 

Decay to D Z?°7r has been observed Q and inter- 
preted as D V D . This interpretation has been confirmed 
in subsequent analyses (44|. 

Belle reported evidence of the decay into 
J/ipir + ir~ir° 45]. The three pion mass distri- 
bution is consistent with subthreshold uj pro- 
duction. The ratio of branching fractions 
£(A(3872) J/V>7r+7r-7r°)/6(A(3872) -> J/ip-n—ir-) 
is 1.0 ± OA(stat) ± 0.3(syst). Recently, BAB4R has 
reported evidence of decay into the J/ipuj final state 
with a significance of 4 standard deviations (a) [Zrjj ]. 
The angular distribution of the three-pion system 
strongly supports their origin from an ui. The ratio 
£(A(3872) -> J/?/>u;)/£(A(3872) -> J/^tt"^) is equal 
to 0.7 ± 0.3 and 1.7 ± 1.3, for charged and neutral 
B decays, respectively, where the error is the sum in 
quadrature of the statistical and systematic uncertain- 
ties. An analysis of the three pions mass distribution, 
similar to the one in (4l| . is performed. The agreement 
with P = -1 (61.9%) is far better than with P = +1 
(7.1%). Thus, J PC = 2~+ is favored, in contrast with 
Belle [H|. 

Radiative X(3872) decay into J/V>7 has been ob- 
served by BABAR [ig and Belle (45|. This observa- 
tion implies that the A(3872) has positive C-parity. 
BABAR reports an evidence of the decay into ip(2S)j final 
state [13] at 3.5er level , using a data sample of 424 fb -1 . 
The measured branching fraction ratio £>(A(3872) — > 
^(25)7)/B(A(3872) J/^7) = 3.4 ± 1.4, where the 
error is the sum in quadrature of the statistical and sys- 
tematic uncertainties, is unexpectedly large. Recently, 
Belle reported a preliminary result 48j of a search for 
ip(2S)j decay using 849 fb -1 of data. No statistically 
significant signal is observed. The branching fraction 
upper limit at 90% confidence level is 2?(X(3872) -> 
V-(2S)7)/S(A(3872) J/0 7) < 2.1. 

A common agreement concerning the interpretation of 
A (3872) has not been reached. Possible conventional 
charmonium assignments are x'ci or 7 7c2(l-D)- The first 
is challenged by the fact that \' C 2 ^ s tentatively identi- 
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fled as the Z(3930). This implies that the mass split- 
ting in the x'c triplet should be larger than expected. 
However, it was noticed that the effect of the coupling 
to DD channel may shift the 1 ++ state mass down to 
DD threshold, while the shift of the 2 ++ state is ex- 
pected to be much smaller (49| . The rj C 2(lD) interpre- 
tation is favored by BABAR assignment of J PC = 2 h . 
The measured A (3872) mass is consistent with the 1 1 I?2 
state mass predicted in 50] , but not consistent with the 
values reported in many recent papers (HI- Theoretical 
calculations [53| shows that the predicted decay rate 
of such a state to tp(2S)^f is inconsistent with the results 
reported by BaBAR [47J- It should be noted that recent 
Belle preliminary result for this decay mode disagrees 
with BABAR one 48J. Recently it has been noticed that 



also the decay rate to D U D cannot fit the 1 D^ assign- 
ment [53}. A(3872) interpretation as a D°D* molecule 
was suggested by many authors [3^ 



3l[ l54j . and may 



accommodate the observed large isospin violation [31 1. 
However, the decays into J/07 and il>(2S)j imply that 
this molecular state should mix with x'ci |55j |. Such a 
mixing may be not as large as proposed, in the light 
of the new Belle result on ip(2S)j decay [48}. Molecu- 
lar interpretation is challenged by BAB4R J PC = 2 h 
assignment. Furthermore, it was noticed that the molec- 
ular interpretation may be inconsistent with the large 
cross section for pr omp t production that can be derived 
from CDF results j56j. The interpretation of A (3872) 
as a tetraquark [H3| predicts the presence of neutral and 
charged partners in the same mass region. Such states 
were searched and not found 15811. 



THE 3940 FAMILY 



The F(3940) was observed by Belle in the B ->• 
J/i/juK process [3], and confirmed by BABAR [l5j ]. 

structure is not observed in the B — > 
Belle measures the mass (3943 ± 
ll(stat) ± 13(syst)) McV/c 2 and width (87 ± 22(stat) ± 



The same 
D°D W K process [4 



26(syst)) MeV/c 2 . A resonance in the the J/ipui fi- 
nal state, dubbed A(3915), was observed by Belle in 
two-photon collisions [l2j. The measured mass and 
width are (3914 ± 3(stat) ± 2(syst)) MeV/c 2 and (17 ± 
10( stat) ±3(syst)) MeV/c 2 , respectively. A recent BABAR 
re-analysis [46| provides a Y(3940) mass and width of 
{3919 A± 3 3 8 5 (stat) ±2. 0(syst)) MeV/c 2 and (31+1° (stat) ± 
5{syst)) MeV/c 2 , respectively. This latter measurement 
favors a Y(3940) mass slightly lower than the one first 
reported by Belle [13]. This value is in agreement with 
the one measured by Belle for the A(3915) in the two- 
photon process. Thus, it seems likely that the same par- 
ticle, with a mass of about 3915 MeV/c 2 , is observed 
in two distinct production processes. Belle reports a 
product of the two-photon width times the decay branch- 



ing ratio r 77 (F(3940)) x i3(Y(3940) ->• J/ijjw) equal to 
(6l±l7 {stat) ±8{syst)) eV and (I8±5(stat)±2(syst)) eV 
for J p = + and 2 + assignments, respectively [12j. As- 
suming r 77 (F(3940)) ~ 1 keV, that is a typical value for 
excited charmonium, the branching ratio B{Y{3940) — > 
J/ipui) is in the range 1-6%, which is unexpectedly large, 
compared to other excited cc states [Hjjj . The proposed 
interpretation of F(3940) as the x' c i state, where the final 
state interaction enhances the J/i/jlj decay 34[, is ruled 
out by the observation of this state in two-photon pro- 
duction. Interpretation as x' c o was a ^ so suggested [601 ] . 
Interpretation as a charmonium hybrid is seriously chal- 
lenged by lattice calculations that show that the expected 
mass for hybrid ground state should be some 500 MeV/c 2 
higher than the one of Y(3940). Interpretation in the 
framework of molecular model has been proposed 
l63j |. It was suggested that the decay into D*Dj may 
give more insight on the nature of this state 63 1 . 

Another resonant state, dubbed Z(3930), was observed 
by Belle [HI and confirmed by BABAR [13]. Jt was stud- 
ied in two-photon production process and DD final state. 
The measured mass and width are (3929 ± 5{stat) ± 
2{syst)) MeV/c 2 and (29 ± 10(stat) ± 2{syst)) MeV/c 2 
for Belle and (3927 ± 2{stat) ± l(syst)) MeV/c 2 and 
(21 ± 7{stat) ± 4(syst)) MeV/c 2 for BaBAR. The agree- 
ment between the two measurements is very good. The 
decay into spinless final state, combined with the fact 
that C = +1 due to the production mechanism, implies 
that J = L is even and thus P = +1. The value of J is 
determined by studying the angular distribution of the 
decay products. In particular, the angle between the di- 
rections of the DD system and the beam provides such 
kind of information. Both experiments favor J PC = 2 ++ 
assignment. Belle provides a measurement of the branch- 
ing fraction ratio £(Z(3930) D+ D~)/B(Z ^(3930) -> 
7J D°) = 0.74 ± 0A3(stat) ± O.W(syst) which suggests 
isospin invariance, as expected for conventional cc. The 
product of the two-photon width times the decay branch- 
ing ratio r 77 (Z(3930)) x B(Z(3930) ->■ DD) is found 
to be (0.18 ± 0.06) keV and (0.24 ± 0.05) keV, by Belle 
and BABAR, respectively, where the error is the sum in 
quadrature of the statistical and systematic uncertain- 
ties. There is a general agreement about the interpre- 
tation of this state, which is identified as x'c2- The 
mass, two-photon width and decay angular distribution 
are consistent with theoretical expectation for this char- 
monium state 50, 641. 



NEW J/iP4> STATES 

The search of structures in the J/tp<p mass spectrum 
is motivated by the prediction that a cess tetraquark 
is expected to have sizable branching ratio in this final 
state and a mass in the 4270-4350 MeV/c 2 range [73 1. 
CDF has reported an evidence of a resonance-like candi- 
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date, dubbed Y(4140), with a significance of 3.8a [18j . 
The J/00 final state was studied in B + — > J/i/j(f)K + 
decay. The measured mass and width are (4143.0 ± 
2.9(stat) ± 1.2(sysi)) MeV/c 2 and (11.7l|;g(stot) ± 
3.7 (syst)) MeV/c 2 . A subsequent document by CDF 
estimates the branching fraction product B(B + — » 
Y(4140)^:+) x BfYY4140) -> J/V>0) = (9.0 ± 3.4(stat) ± 
2.9(syst)) x 1CT 6 jzl|. Belle has searched for the Y(4140) 
using the sa me p roduction mechanism, and found no ev- 
idence of it [19j . However, due to small detection effi- 
ciency near the J/00 threshold, the upper limit on the 
branching ratio B{B+ -> Y(AU0)K+) x £(Y(4140) -> 
J/ip</)) < 6 x 10~ 6 is not in contradiction with CDF 
measurement, considering its large uncertainty. Sev- 
eral interpretation were propos ed for Y(4140), includ- 
ing a IT+D* 
hybrid [g3], a 
the J/0 threshold 




, an exotic 1 h 
and an effect of 
Some arguments 



molecule [62j, I65J46 

cess tetraquark [6 
opening [6 

were raised against the interpretation as a standard cc 
state f70f and scalar D* + D*~ molecule [Tll | . Authors 
of Ref. [62j predict, in the D* s + D* s ~ molecule picture, 
the product of the two-photon width times the decay 
branching ratio r 77 (Y(4140)) x B(Y(4140) -> J/00) to 
be sizable, with large theoretical uncertainties. Belle 
searched for the Y(4140) in two-photon production and 
found no evidence of it [2(J. Furthermore, Belle has 
reported evidence of a narrow structure with a mass 
equal to (A350tH{stat) ± 0.7(syst)) MeV/c 2 and width 
(13±g 8 (stat) ± A(syst)) MeV/c 2 . The structure, dubbed 
A (4350), has a significance of 3.2c. The measured mass 
is inconsistent with the Y(4140) one. Interpretation of 
the X(4350) as x'c2 was suggested 60]. Other inter- 
pretations as an exotic state are similar to the Y(4140) 
ones (H, El, Iz3 - 



CHARGED STATES 

The observation of a resonance-like state with non- 
zero net electric charge would be striking evidence of 
a state with an unconventional nature, since it would 
be inconsistent with the qq structure. In particular, 
both multiquark states and hadrocharmonium may ac- 
commodate such non-zero charge. Belle reported the ev- 
idence of the narrow Z(4430)~ decaying into i/j(2S)tv + , 
with a significance of 5. 4er [75]. This state was stud- 
ied in the decay B° ->• %P{2S)tt~ K+ . The Dalitz plot 
of this decay is dominated by the presence of the K* 
resonances. In Belle's first analysis, a veto was ap- 
plied to remove such contributions [2lj |. In a more 
recent analysis, a full Dalitz plot analysis was per- 
formed [75[ . Both analyses report the same value for the 
mass (AA33t\l(stat)tll(syst)) MeV/c 2 jz|. The mea- 
sured widths are equal to (45±H(stat)tll(syst)) MeV/c 2 
and (107±H(stat)tli{syst)) MeV/c 2 , in the first [2l| and 



latter 75j analysis, respectively. These measurements 
are consistent inside the large uncertainties of the latter. 
BABAR has searched for the Z(4430) in both J/ipw" and 
-0(2S')7r _ final states, but no evidence of resonance-like 
structures has been found [22}. In this analysis, BABAR 
has performed a study of the reflections of the K* sys- 
tem in the J/0 (iP(2S))tt~ mass spectrum, and found that 
such reflections reproduce data well, without the need of 
any additional resonant structures. The upper limit at 
90% confidence level on the branching fraction product 
B(B° -> Z(U30)-K+) x £(Z(4430)- -> ip{2S)ir-) re- 
ported by BABAR is 3.1 x 10~ 5 . This is not in contrast 
with the measured value (3.2+J' g+i'g) x 10~ 5 reported 
by Belle. No analysis of the J/ip n~ final state has been 
reported by Belle so far. 

Belle reported evidence of two more states (Zi(4050)~ 
and Z2(4250) _ ) with non-zero electric charge in the 
final state Xci 71 " - [231 ] ■ These states were found in 
B — > x c i7r~AT, whose Dalitz plot is dominated by 
the K* resonances. A Dalitz plot analysis is per- 
formed. The solution with two resonant structures 
is favored with respect to the one with no resonant 
contributions, with a significance of 5.7c The mass 
of these states is (4051 ± U(stat)tli(syst)) MeV/c 2 
and (424S±l£(stat)±lf(syst)) MeV/c 2 , respectively. 
Their width is (S2tl\{stat)tf 2 (syst)) MeV/c 2 and 
{177 tlt(stat) tH 6 (sy st)) MeV/c 2 , respectively. No 
search for such states has been reported by BABAR so 
far. 



CONCLUSIONS 

In conclusion, recent advances on both theoretical and 
experimental sides concerning charmonium spectroscopy 
have brought renewed interest in this field. Unusual 
properties of newly discovered states may suggest that 
they represent some form of hadronic matter predicted 
by QCD but never observed so far, such as multiquarks 
or molecular states. Some of the new states are well es- 
tablished experimentally, such as A(3872) and Y(4260), 
but the determination of their properties and the theo- 
retical interpretation is still an open issue. In particu- 
lar, the recent X (3872) measurement in the J/i/jw final 
state by BABAR [46J favors a J PC = 2 h assignment, 
opposed to 1 ++ as generally accepted previously. New 
measurements of the properties of such a state, also at 
hadronic machines, may shed light on its nature. Many 
other states have been claimed, but are missing confir- 
mation. Among them, the most interesting are the Z~ 
states that exhibit non-zero electric charge. A confirma- 
tion of such states would be a compelling evidence of the 
existence of mesons with mm-qq structure. The observa- 
tion of Z(4430) was claimed by Belle 2l| and not con- 
firmed by BABAR [22j . This state is in principle accessi- 
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ble at the Tevatron and LHC experiments. Alternatively, 
the search for Zi(4050)~ and Z2(4250)~ at hadronic ma- 
chines could be quite tricky, or even unfeasible, since the 
Xd is reconstructed through its Xd ~^ J/^J decay, where 
the photon has an energy of about 410 MeV. An ideal en- 
vironment to perform measurements of exotic charmonia 
properties and searches for new states would be the future 
super-flavor factories SuperB [76| and SuperKEKB 77 \. 
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